Oral mucosa lesions are one of the common pathological consequences of acute graft versus host disease (aGVHD), the major complication of allogeneic bone marrow transplantation caused by mature T lymphocytes of donor origin. Oral mucosa damage in aGVHD is characterized by apoptosis induction in the basal keratinocytes, associated with immune effector T-cell infiltration, but its pathogenesis remains unclear because these lesions might result from the patient conditioning therapy that includes radiation and/or chemotherapy. Here, using a murine model of aGVHD that does not involve any conditioning treatment, we show that the earliest detectable oral mucosa lesion is apoptosis of the endothelial cells from chorion capillaries, which precedes basal keratinocyte apoptosis induction. Neither vascular damage nor epithelial-cell death occurred in recipients of allogeneic lymphocytes from CD95 ligand (CD95L)-defective mice. Our findings indicate that oral mucosa lesions in aGVHD are initiated by endothelial-cell death and require CD95L expression by the allogeneic lymphocytes. This early vascular damage may contribute to the induction of further tissue damage in the oral mucosa, through the induction of hypoxia and vascular leakage of immune cells or soluble proapoptotic mediators.
Acute graft versus host disease (aGVHD), the major complication of allogeneic bone marrow grafting, is an immunopathological disease caused by mature allogeneic lymphocytes of donor origin present in the graft. [1] [2] [3] [4] Although the classical target organs of aGVHD are the skin, the liver and the digestive tract, one of the common clinical consequences of aGVHD is the induction of oral mucosa lesions that occur in around 70% of patients. [5] [6] [7] [8] [9] [10] Histological lesions in the oral mucosa are characterized by basal keratinocyte apoptosis, 11, 12 and often evolve into chronic lichenoid lesions 10, 13 that may, as idiopathic lichen, favor the development of spinocellular cancer. 14, 15 Previous studies using several different murine models have suggested that the pathogenesis of GVHD lesions in the liver, skin and digestive tract might involve either death ligands from the tumor necrosis factor (TNF) family, such as the CD95 ligand (CD95L) or TNFa, expressed or released by allogeneic lymphocytes, 4, [16] [17] [18] [19] [20] [21] [22] or perforine/granzyme, released by allogeneic lymphocyte granules. 4, 17, 23 However, the potential contribution of these effector molecules to the pathogenesis of oral mucosa lesions remains unknown. The pathogenesis of acute oral mucosa lesions in aGVHD patients is unclear because they may result from immune-mediated aggression, from the conditioning therapy, which includes radiotherapy and/or chemotherapy, 24, 25 or from a combination of both.
Most murine models devised to elucidate the pathogenesis of aGVHD involve the transfer of allogeneic mature lymphocytes, but several of these models raise complex problems of interpretation, owing either to recipient conditioning, or to the presence of mature lymphocytes of recipient origin in the parent to F1 model. 4, [16] [17] [18] [19] [20] 23, [26] [27] [28] To avoid these problems, we have developed the simplest possible experimental model of aGVHD: injection of mature splenic lymphocytes from immunocompetent mice into major histocompatibility complex (MHC) I-and II-mismatched immunodeficient severe combined immunodeficient (SCID) recipient mice. 22 Using this murine model, we recently identified disseminated endothelial-cell apoptosis and vascular damage as the first detectable lesion of aGVHD. 22 Endothelial-cell death and vascular damage occurred not only in the classical target organs of aGVHD, namely the liver, skin and digestive tract, but also in the kidneys, lungs, heart and brain. More generally, we identified disseminated endothelial-cell apoptosis and vascular loss as an early consequence of CD95 engagement in vivo, whether induced by agonistic anti-CD95 antibodies, oligomerized soluble recombinant CD95L or CD95L-expressing allogeneic lymphocytes. 22 The idea that endothelial cells might constitute an early and critical target of allogeneic immune responses was first suggested 25 years ago by a study from Dvorak et al which identified microvascular damage preceding epithelial lesions during first-set skin allograft rejection in man. 29 Fifteen years ago, endothelial-cell injury was also described as a feature of cutaneous lesions in patients undergoing aGVHD. 30 Four years ago, concomitantly with our report of the early induction of CD95L-dependant disseminated endothelial cell death and vascular damage in a murine model of aGVHD, 22 endothelial-cell injury and microvessel loss, associated with perivascular CD8 T-cell infiltration were reported in the skin of patients with chronic GVHD, 31 and 2 years later, in the digestive tract of patients with severe forms of GVHD, 32 pericapillary hemorrhages being correlated to disease severity in the latter case.
Here, we investigated the potential involvement of endothelial-cell death in the pathogenesis of oral mucosa damage in aGVHD. We performed a kinetic analysis in our experimental model of aGVHD, 22 based on the injection of mature splenic lymphocytes from immunocompetent mice into MHC I and II-mismatched immunodeficient SCID recipient mice, in the absence of any conditioning treatment. We used both a model of progressive aGVHD, induced by the transfer of 2.5 Â 10 7 allogeneic lymphocytes, and a model of very acute GVHD caused by the transfer of high numbers (10 8 ) of allogeneic lymphocytes. 22 We focused our study on the tongue mucosa because of the constant clinical alteration on its lateral borders during oral lesion in human aGVHD. 12 We investigated whether (i) allogeneic lymphocytes may be sufficient to cause oral mucosa lesions in the absence of any conditioning treatment; (ii) endothelial-cell death may precede the induction of epithelial-cell apoptosis in the oral mucosa; and (iii) induction of vascular damage in the oral mucosa may involve CD95L expressed or released by the allogeneic lymphocytes.
MATERIALS AND METHODS Mice
Six to seven-week-old wild type (wt) C57BL/6 (H2b) and BALB/c (H2d) mice were obtained from Iffa Credo Laboratory (L'Arbresle, France) and lymphoproliferation (lpr)/ C57BL6 (H2b), generalized lymphoproliferation disease (gld)/C57BL6 (H2b) and SCID/C57BL6 (H2b) mice from Jackson Laboratory (Bar Harbor, ME, USA) and SCID/ BALB/c (H2d) mice from Harlan Laboratory (Oxen, United Kingdom). SCID mice were housed in sterilized cages with filter cap and received sterilized water and chow ad libitum, and all mice were allowed to rest for 1 week before the experiments were conducted. All the mouse studies reported in this study have been approved by the Animal Housing and Experiment Board of the French government.
Injection of Allogeneic or Syngeneic Lymphocytes
Lymphocytes were isolated from the spleen of killed mice by density gradient centrifugation cell separation with Lympholyte-M (TEBU, Le Perray en Yvelines, France), after lysis of red blood cells in tris-ammonium chloride buffer (Biofluids, Rockville, MD, USA). Following washing in RPMI supplemented with 10 % fetal calf serum, 2 mM L-glutamine and 1 mM pyruvate (Gibco BRL, Rockville, MD, USA), macrophages and monocytes were depleted by plastic adherence at 371C in 5 % CO 2 for 2 h. Cell populations were analyzed with a FACScan (Becton Dickinson Immunocytometry Systems, Mountain View, CA, USA) following labeling with phycoerythrin-conjugated monoclonal antibody (mAb) against mouse Thy-1.2, Cy-Chrome conjugated mAb against mouse B220, fluorescein isothiocyanateconjugated mAb against mouse natural killer cells and isotype-matched control immunoglobulin (Pharmingen, San Diego, CA, USA) at 41C for 30 mn. Splenic lymphocytes contained around 40% T lymphocytes and their viability, controlled with Trypan blue exclusion, was more than 95%. Cells were then suspended at 2.5 Â 10 7 or 10 8 viable cells per 500 ml of RPMI and were immediately injected intra-peritoneally into recipient. Allogeneic cell transfers were from C57BL/6 or lpr/C57BL6 and gld/C57BL6 into SCID BALB/c recipients. Syngeneic transfers were from BALB/c into SCID BALB/c recipients or from C57BL/6 or lpr/C57BL6 and gld/ C57BL6 into SCID C57BL/6 recipients. When so indicated, a caspase-8 inhibitor peptide (z-IETD-fmk) (500 mg) from Calbiochem Laboratory (San Diego, CA, USA) was injected intravenously, under brief ether anesthesia, in a 200 ml sterile isotonic solution. When not killed, recipient mice were monitored and scored daily for clinical manifestations of aGVHD, such as weight loss of more than 20%, associated with posture modification (hunching) and activity loss. 33 Injection of Agonistic CD95-Specific Antibody Mice were injected intravenously, under brief ether anesthesia, with antibodies suspended in 200 ml sterile isotonic saline solution. Antibodies were either purified hamster mAb against mouse CD95 (JO2 clone, IgG isotype, containing o0.01 ng lipopolysaccharide (LPS)/mg antibody) or purified control hamster monoclonal IgG, purchased from Pharmingen (San Diego, CA, USA).
Histology
Killed mice were immediately dissected and specimens from oral mucosa (tongue) were immediately cut into two parts: one was fixed in 2% glutaraldehyde in cacodylate buffer, and the second part was fixed in 10% formalin and further processed for paraffin embedding. Analysis of the intensity, distribution and composition of the inflammatory infiltrate was performed on 3 mm-thick paraffin section stained with hematoxylin and eosin. For the analysis of epithelial and endothelial cell death, specimens fixed in glutaraldehyde were post-fixed in osmium tetraoxide, dehydrated and then embedded in Epon 812 embedding media (Electron Microscopy Sciences, WA, USA). One micrometer thick sections were cut on a Leica ultracut microtome (Leica), counterstained with Toluidine blue. Apoptosis was confirmed in situ by detection of fragmented DNA, using the terminal deoxytransferasecatalyzed DNA nick-end labeling (TUNEL) assay. 34 Three micrometer thick-paraffin sections were treated for 4 mn at 371C with proteinase K (20 mg/ml) (Ventana laboratory, Tucson, AZ, USA). They were then incubated for 12 mn at 201C with a mix of terminal deoxynucleotidyl transferase (TdT) (Roche laboratory, Mannheim, Germany), digoxigenin-labeled UTP and dATP (Roche laboratory). Staining was achieved with an indirect immunoperoxydase method using incubation for 30 min at room temperature with an antibody directed against digoxigenin at 1/600 dilution (Roche laboratory). Final counterstaining was performed with hematoxylin. Immunohistochemical staining of the inflammatory infiltrate was performed on 5 mm-thick frozen sections, using anti-CD3 (hamster anti-mouse, clone 145-2C11, BD Biosciences, Pharmigen), -CD4 (rat anti-mouse, clone RM4-5, BD Biosciences, Pharmigen), -CD8 (rat antimouse, clone 53-6.7, BD Biosciences, Pharmigen), -CD11 (rat anti-mouse, clone M1/70, BD Biosciences, Pharmigen), -CD31 (rat anti-mouse, clone MEC 13.3, Biosciences, Pharmigen), -perforin (rabbit anti-mouse, polyclonal (H-315): sc-9105, Santa Cruz Biotechnology, INC), the anti-hamster, anti-rat Ig, horse radish peroxidase (HRP) detection Kits (BD Biosciences, Pharmigen) and polyclonal goat antirabbit Immunoglobulins/HRP (DakoCytomation) according to the manufacturer's instructions.
Quantification of the Cellular Infiltrate, of Epithelial-Cell Death and of Vascular Lesions
Histopathological analyses were performed under an Olympus Provis optical microscope. Two pathologists, who were blinded to the experimental treatment, independently assessed slides with a Â 200 magnification for infiltrate quantification (number of mononuclear cells per field) and with Â 400 magnification for the evaluation of epithelial lesions (numbers of dead basal and para-basal keratinocytes) and vascular lesions (numbers of capillaries in which endothelial cells were either apoptotic or lacking) and between Â 200 and Â 400 magnification for phenotypic characterization of tissue infiltrating mononuclear cells. In each experimental condition, counts were performed on tissue sections from four to six mice, and percentages of damaged blood vessels, and numbers of infiltrating cells and of dead epithelial cells were the mean7standard deviation of the counts performed by the two pathologists. Statistical significance was assessed using the Wilcoxon test.
RESULTS

Endothelial Cell Death Precedes the Induction of Epithelial Cell Death in the Oral Mucosa during aGVHD in the Absence of any Conditioning Treatment
Injection of 2.5 Â 10 7 allogeneic lymphocytes into SCID recipient mice in the absence of any conditioning treatment led within 2 weeks to characteristic clinical features of aGVHD, including major body weight loss (15%) (Figure 1 ). In contrast, injection of 2.5 Â 10 7 syngeneic lymphocytes did neither induce any weight loss nor any other clinical manifestation of aGVHD, such as posture modification (hunching) or activity loss 33 during the follow-up period of 45 days (data not shown). Using this experimental model of progressive induction of aGVHD, 22 we investigated the oral mucosa of the recipient mice by performing a kinetic ex- lymphocytes from either allogeneic wt mice, gld mice that are defective in CD95L, or lpr mice that are defective in CD95, but express functional CD95L. All allogeneic mice were from the same C57BL/6 genetic background. Body weight was measured for each mouse during a period of 14 days. Results are expressed as percentages of body weight loss, and are mean7s.d. of measurement in groups of six mice each.
Vascular damage in oral acute GVHD C Deschaumes et al periment. We killed SCID recipients of 2.5 Â 10 7 allogeneic lymphocytes either at day 3, 7, 11 or 14 after the lymphocyte transfer and analyzed tissue sections of the tongue. As controls, we used both SCID mice that did not receive any lymphocyte transfer and SCID recipients of 2.5 Â 10 7 syngeneic lymphocytes killed at day 14 after transfer. In recipient mice killed 14 days after transfer of allogeneic lymphocytes, oral mucosa showed typical lesions with basal and para-basal keratinocyte-cell death, associated with a mononuclear cell infiltrate in the chorion, and endothelial-cell death in the chorion capillaries (Figure 2 ). Quantitative analysis indicated that the vascular lesions were extensive, 7974.6% capillaries being damaged (Figure 3 ) with either apoptotic endothelial cells or no detectable remaining endothelial-cell lining. In contrast, we detected no significant basal or para-basal keratinocyte-cell death, cellular infiltration or vascular lesions (9.7174.2% damaged blood vessels) in the oral mucosa of recipient mice killed 14 days after transfer of 2.5 Â 10 7 syngeneic lymphocytes (Figures 2 and 3) .
We then investigated the respective kinetics of the induction of vascular lesions, epithelial-cell death and mononuclear-cell infiltration. We detected no significant vascular and epithelial lesions and no significant increase in numbers of infiltrating cells in the oral mucosa from recipient mice killed 3 days after transfer of allogeneic lymphocytes when compared with controls (Figures 2 and 3) . At day 7 after transfer of allogeneic lymphocytes, no induction of basal keratinocyte-cell death was detected (Figures 2 and 3) . In contrast, vascular lesions were already extensive ( Figure 2) , with more than 45% damaged capillaries in the chorion (Po0.01 when compared with control recipients of syngeneic lymphocytes) (Figure 3 ). Infiltrating mononuclear cells were observed at day 7 after transfer of allogeneic lymphocytes (Figure 2 ), though inter-individual variations resulted in a lack of significant differences when compared with controls ( Figure 3) . At day 11 after transfer of allogeneic lymphocytes, vascular lesions reached a plateau with around 80% damaged capillaries (Figure 3 ), whereas numbers of dead basal and para-basal keratinocytes and numbers of infiltrating mononuclear cells per field were significantly increased above controls (Po0.02) (Figure 3 ), but still less than half the levels reached at day 14 after allogeneic lymphocyte transfer ( Figure 3) .
To further confirm the temporal dissociation between this early onset of endothelial-cell apoptosis, and the subsequent onset of epithelial-cell apoptosis, we used transfers of higher numbers (10 8 ) of allogeneic lymphocytes, which induce a very acute and rapid form of GVHD. 22 Injection of 10 8 allogeneic lymphocytes into SCID recipient mice induced hunching and activity loss during the first 2 days, followed by death 3 days or 4 days after the transfer. In recipient SCID mice killed 1 day after the transfer of 10 8 allogeneic lymphocytes, vascular lesions were already induced, whereas no significant basal or para-basal keratinocyte death was detected (Figure 4a ). In recipient mice killed 2 days after transfer of allogeneic lymphocytes, both vascular damage and basal keratinocyte death were present (Figure 4a) , and TU-NEL analysis showed extensive apoptosis in both the basal epithelium and the chorion (Figure 4b) .
To further document endothelial-cell death, we performed immunohistochemical analysis of the CD31 endothelial-cell surface molecule. We have shown previously that the injection of the agonistic CD 95-specific JO2 mAb induces rapid and extensive endothelial-cell death. 22 Using JO2 injection as a positive control, we confirmed the disappearance of CD31 staining on blood vessels from oral mucosa 2 h 30 minutes after antibody injection ( Figure 5 ). We then explored SCID recipient mice after transfer of 10 8 allogeneic lymphocytes. As another positive control, we used CD31 staining to confirm the previously reported 22 induction of vascular lesions in the liver of recipients killed either 1 day or 2 days after the allogeneic lymphocyte transfer (Supplementary Figure 1) . In the recipient mice killed one day after transfer of 10 8 allogeneic lymphocytes, CD31 staining indicated the induction of vascular lesions in the oral mucosa, including ectasia, dilatation, loss of vascular continuity, in particular in capillaries and a reduction in the numbers of stained vessels ( Figure 6 ). In the recipient mice killed 2 days after the transfer, CD31 staining revealed a complete loss of endothelial cells in the oral mucosa ( Figure 6 ). This confirmed that endothelial-cell death was the first detectable tissue lesion induced in the oral mucosa during this very acute form of GVHD.
Analysis of the Mononuclear Cells Infiltrating the Oral Mucosa and the Spleen during aGVHD
Our findings raised the question of the nature of the immune effector mononuclear cells that were recruited to the oral mucosa tissues during aGVHD in the absence of any conditioning treatment. To address this question, SCID recipients of 2.5 Â 10 7 allogeneic lymphocytes were killed either at day 3, 7 or 12 after lymphocytes transfer and frozen tissue sections of the oral mucosa were analyzed using immunohistochemical detection of the CD11 monocyte/macrophage cell surface molecule, of the CD3 T lymphocyte cell surface molecule, and of the CD4 (helper T lymphocyte phenotype) and CD8 (cytotoxic T-lymphocyte phenotype) cell surface molecules. As controls, we used SCID mice that did not receive any lymphocyte injection. At day 3 after the transfer of allogeneic lymphocytes, we observed infiltrating cells of monocyte/macrophage phenotype, with few T lymphocytes, which included CD8 cells (Figure 7) . Thus, despite the absence of any significant increase in the numbers of tissue infiltrating mononuclear cells detected by quantitative analyses of haematoxylin and eosin stained paraffin sections (Figure 3 ), immunohistochemical analysis of mononuclearcell phenotype on frozen sections (Figure 7 ) indicated that tissue infiltration of monocytes/macrophages, and of a few CD4 and CD8 cells, already occurred at the early time point (day 3) at which significant vascular damage was induced. At day 7 after the transfer of allogeneic lymphocytes, T lym- Vascular damage in oral acute GVHD C Deschaumes et al phocytes became almost as numerous as the monocytes/ macrophages, and included both CD4 cells and CD8 cells (Figure 7) . At day 12 after the transfer of allogeneic lymphocytes, an intense infiltration was still present, composed of monocytes/macrophages and T lymphocytes, and including CD4 and CD8 cells (Figure 7 ). These cells mainly infiltrated the dermis-epidermis junction and the chorion (Figure 7 ).
At this time point, day 12 after the transfer of 2.5 Â 10 7 allogeneic lymphocytes, CD4 and CD8 cells were still present in the spleen of the SCID recipient mice (Supplementary Figure 2) and immunohistochemical staining using antiperforin antibodies showed the presence of activated, perforin-expressing immune effectors cells (Supplementary Figure 3) . Immunohistochemical analysis also revealed the presence of perforin-expressing effectors cells in the oral mucosa at the same time point (Supplementary Figure 3) . In contrast, perforin-expressing cells were neither detected in the spleen nor in the oral mucosa of SCID recipient mice 12 days after the transfer of 2.5 Â 10 7 syngeneic lymphocytes (Supplementary Figure 3) . Thus, aGVHD involved infiltration of activated immune effectors cells in both the lymphoid organs and the oral mucosa.
A recent study in a murine model of aGVHD has indicated that the homing of allogeneic lymphocytes in the spleen is a very early event that can be detected one day after lymphocyte transfer. 35 To assess in our model the kinetics of the homing of allogeneic lymphocytes to the spleen, and to investigate their activation state, we performed immunohistochemical analysis of CD4, CD8 and perforin expression in the spleen of SCID recipient mice 1 day and 2 days after transfer of 10 8 allogeneic lymphocytes. At both time points, CD4 and CD8 cells (Supplementary Figure 2) , as well as perforin expressing effectors cells (Supplementary Figure 3) were detected in the spleen. Thus, the homing of immune cells to the lymphoid organs, and their activation into effectors cells, appear to be early events in this very acute form of GVHD.
CD95L Expression by Allogeneic Lymphocytes is Required for the Induction of both Endothelial and Epithelial Cell Death in the Oral Mucosa
Several reports have indicated a major role for CD95L in the pathogenesis of epithelial-cell death in murine models of aGVHD, 4, 18, [20] [21] [22] and we have identified previously a crucial role for CD95L in the pathogenesis of aGVHD, through the early induction of disseminated endothelial-cell death and vascular damage. 22 Our findings reported here indicated that endothelial cells from the oral mucosa are as sensitive to CD95-mediated death in response to the agonistic CD95-specific JO2 mAb ( Figure 5 ) as endothelial cells from other organs and tissues. 22 Because caspase-8 is the most proximal caspase activated downstream of CD95L-mediated engagement of the CD95 death receptor, 36 we investigated whether inhibition of caspase-8 activity may prevent the induction of endothelial and/or epithelial cell death. We treated SCID recipient mice with the caspase-8 inhibitor peptide z-IETD (500 mg) 2 h before and 1 day after transfer of 10 8 allogeneic lymphocytes from wt mice. In the z-IETD-treated recipient mice killed 2 days after the transfer of wt allogeneic lymphocytes, we observed very few vascular damage (Figure 8) . However, the prevention of epithelial-cell death was less complete than that Vascular damage in oral acute GVHD C Deschaumes et al important to note that these results are difficult to interpret. Indeed, a recent report indicates that inhibition of caspase-8 activity may not only protect target cells from CD95L-mediated apoptosis, but also inhibit T-lymphocyte activation, 37 and may thus interfere with the capacity of allogeneic T lymphocytes to induce aGVHD.
To further investigate whether CD95L may be involved in the early vascular and subsequent epithelial lesions induced by aGVHD in the oral mucosa, we transferred into SCID recipient mice 2.5 Â 10 7 or 10 8 allogeneic lymphocytes from either wt mice, gld mice that are defective in CD95L, or lpr mice that are defective in CD95, but express functional CD95L; all these mice being from the same C57 BL/6 genetic background. Because CD95-defective lpr mice have similar lymphocyte anomalies and develop similar time-dependent lymphoproliferative disorders as CD95L-defective gld mice, 38 
Control
Injection of JO2 Figure 5 An agonistic CD95-specific mAb induces vascular lesions in the oral mucosa. Wild-type mice were injected intravenously with either the agonistic JO2 CD95-specific mAb (0.5 mg/g or 10 mg for a 20 g mouse) or with control monoclonal IgG and killed 2.30 h after the injection. Immunohistochemical analysis of frozen sections of the oral mucosa, using CD31-specific antibodies (that stain endothelial cells), reveals the loss of endothelial cells following JO2 injection. (Figure 1 ), as well as endothelial and epithelial lesions were extensive in recipients of allogeneic lpr, as in recipients of allogeneic wt lymphocytes (Figures 4 and 8) . This indicated that CD95L, either expressed or released by allogeneic lymphocytes, is required for both the early induction of endothelial-cell death and the subsequent induction of epithelial-cell death.
DISCUSSION
Here, we identified the induction of endothelial-cell death and vascular damage in the oral mucosa as an early and major lesion caused by allogeneic lymphocytes in a murine model of aGVHD that does not involve a radiotherapy or chemotherapy-conditioning regimen. Our findings suggest the following sequence of events in the oral mucosa during aGVHD: (i) an early phase of endothelial-cell apoptosis induction with significant vascular damage, concomitant with the homing of perforin-expressing activated immune effectors cells in the lymphoid organs and the onset of tissue infiltration of lymphocytes and monocytes/macrophages in the oral mucosa; and (ii) a subsequent phase of epithelial cell death induction, associated with increasing vascular damage and tissue infiltration of CD4 and CD8 T lymphocytes and perforin-expressing activated immune effectors cells. The implications of our findings for the pathogenesis of oral mucosa lesions during aGVHD can be summarized as follow: (i) endothelial-cell death and vascular damage precede the induction of epithelial-cell death; (ii) vascular damage is associated with the onset of tissue infiltration by allogeneic CD4 and CD8 T lymphocytes; (iii) endothelial cells from blood vessels in the oral mucosa are sensitive in vivo to CD95-mediated death induced by an agonistic CD95-specific antibody; (iv) the expression of functional CD95L by the allogeneic lymphocytes is necessary for the induction of both the early endothelial-cell death and the subsequent epithelial-cell death in the oral mucosa.
CD95L-mediated pro-apoptotic signaling can be induced either by CD95L-expressing cells, or by soluble CD95L CD11 D0 D3 D7 D12 CD3 CD4 CD8 Figure 7 Phenotypic characterization of the mononuclear cells infiltrating the oral mucosa during aGVHD. Immunohistochemical staining (using anti-CD11, -CD3, -CD4, and -CD8 antibodies) of frozen tissue sections of the tongue mucosa of SCID mice in the absence of any lymphocyte transfer (D0); or 3 days (D3), 7 days (D7) or 12 days (D12) after transfer of 2.5 Â 10 7 lymphocytes from allogeneic wt mice. Anti-CD11 antibody labels monocyte/macrophages; anti-CD3 labels T lymphocytes; anti-CD4 labels CD4 T lymphocytes and macrophages, which are morphologically distinguishable; and anti-CD8 labels CD8 T lymphocytes.
Vascular damage in oral acute GVHD C Deschaumes et al released by these cells. In situations of human, and mice MHC II mismatch, it has been reported that the precursor frequency of alloreactive effectors CD4 T lymphocytes causing host aGVHD is around 5%. 39 Our murine model of aGVHD, which involves a mismatch in both MHC I and MHC II might result in a similar precursor frequency in both CD4 and CD8 T lymphocytes. Such a 5% frequency would correspond to 5 Â 10 6 precursors of alloreactive effectors cells in the 10 8 allogeneic lymphocytes that we injected into the immunodeficient SCID recipients. Whether such a number of effector lymphocytes might allow during the first 24 h the extensive induction of vascular lesions in the oral mucosa through direct killing of endothelial cells by circulating alloreactive lymphocytes, or whether it involves the release by the activated allogeneic lymphocytes of soluble CD95L able to act at a distance remains to be assessed. The capacity of soluble CD95L to trigger apoptosis, however, depends on its multimerization degree, 40, 41 that determines the CD95 receptor multimerization, and hence the signaling it induces in the target cells. CD95L-expressing cells can release CD95L either as a soluble, metalloproteaseprocessed form, or as a microvesicle-bound unprocessed form [42] [43] [44] that has been reported to exert more potent pro-apoptotic effects. 43 Activated living 44 or dying 42 T lymphocytes have been reported to release CD95L-expressing microvesicles. We have recently documented the in vitro release of such CD95L-bearing microvesicles by human lymphocytes that are undergoing apoptosis. 45 However, these microvesicles acted as cofactors for apoptosis induction were not sufficient by themselves to cause cell death, at least in our in vitro model system. 45 Therefore, it remains to be assessed, whether in addition to the involvement of CD95L expressed and/or released by activated allogeneic lymphocytes, other effector mechanisms may cooperate with CD95L in the induction of the early vascular lesions during aGVHD. Although perforin has been described as a major effector of graft-versus-leukemia (GVL) reactions rather than of aGVHD, 4, 20, 21 it has also been reported to synergize with CD95L in the induction of epithelial lesions in the skin and liver during aGVHD. 3, 17, 46 Thus, perforin released by activated allogeneic lymphocytes might represent one of the candidate mechanisms that could synergize with CD95L in the induction of vascular damage.
It remains to be assessed whether endothelial-cell death is also an early and major feature of oral mucosa damage during human aGVHD. Provided that this is the case, it is important to note that the conditioning treatment used for human bone marrow transplantation may by itself synergize with these immune-mediated lesions. Indeed, chemotherapy has been reported to induce endothelial-cell lesions, 47, 48 and more recently, radiotherapy has also been shown to induce endothelial-cell apoptosis. 49 Interestingly, endothelial-cell apoptosis induced in the gastro-intestinal tract by radiation has been found to constitute the primary lesion responsible, in a murine model, for the subsequent induction of epithelial stem-cell death and lethal gastro-intestinal syndrome. 49 Thus, it is tempting to speculate that the early induction of CD95L-mediated vascular damage that we have identified here may by itself play a role in the development of the subsequent epithelial damage in the oral mucosa during aGVHD, through the induction of hypoxia and/or vascular leakage of immune cells or soluble proapoptotic molecules.
Finally, it should be noted that basal and para-basal keratinocyte death in the oral mucosa is not only a characteristic Figure 8 Quantitative analysis of the respective contribution of CD95L expression and caspase-8 activation in the induction of both vascular and epithelial lesions in the oral mucosa during aGVHD. Percentages of damaged capillaries and numbers of dead basal and para-basal keratinocytes in the tongue mucosa of SCID recipients 2 days after transfer of 10 8 allogeneic lymphocytes from either wt mice (n ¼ 6), CD95L-defective gld mice (gld) (n ¼ 4), or CD95-defective lpr mice (lpr) (n ¼ 4); or 2 days after transfer of 10 8 allogeneic lymphocytes from wt mice and injection of the caspase-8 inhibitor peptide (C8i) (n ¼ 4); or 2 days after transfer of 10 8 syngeneic lymphocytes from wt mice (syng) (n ¼ 4). Percentages and numbers are mean7s.d. of two independent counts on tissue sections from (n) different mice, as described in Materials and methods section. *Po0.02 compared to 1 (Wilcoxon test).
Vascular damage in oral acute GVHD C Deschaumes et al feature of aGVHD, but also of other diseases affecting the oral mucosa, such as Behcet syndrome, paraneoplasic oral mucosa dysplasia, in situ carcinoma, oral erythema multiforme [50] [51] [52] [53] [54] [55] and typical cutaneous adverse drug reactions, such as Stevens-Johnson syndrome, that has been reported to be induced by soluble CD95L. 56 Whether early CD95L-mediated endothelial-cell death and vascular damage may also be involved in the pathogenesis of these diseases is an interesting possibility that remains to be investigated.
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